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ABSTRACT 


Agfapan  Varlo-XL  film  was  faded  at  various  levels  of  temperature, 
humidity,  light,  and  fade  time  to  determine  the  mathematical  relation¬ 
ships  of  these  variables  and  to  examine  whether  Interaction  occurs  be¬ 
tween  each  factor.  Light  stability  of  the  film  was  measured,  and  the 
Arrhenius  relationship  was  used  to  predict  dark  stability  at  ambient 
storage  conditions. 


It  was  found  that  the  amount  of  fade,  as  measured  as  either  a 
change  In  transmittance  or  density,  could  be  mathematically  modeled 
with  a  high  degree  of  correlation.  Each  Independent  variable 
(temperature,  humidity,  and  time)  was  Interactive  with  the  other  two 


variables. 
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Under  the  specific  conditions  tested,  a  significant  Interaction 
existed  between  light  and  dark  fading  reactions.  For  example,  both 
the  light  and  dark  cyan  dye  reactions  inhibit  each  other.  However, 
In  the  case  of  the  magenta  and  yellow  dyes,  a  synergistic,  or 
catalytic,  effect  occurs  when  light  fading  precedes  dark  fading. 

Agfapan  Varlo-XL  Is  extremely  light  stable  when  Irradiated  by  a 
conventional  enlarger  light  source.)  An  intermittency  effect  was 
noted .c> The  dark  stability  compares  with  some  of  the  least  stable 

IO 

chromogenlc  print  films  —  a  -ten- percent  loss  in  printing  density  i 

A 

predicted  by  Arrhenius  extrapolation  when  the  Agfapan  Varlo-XL  Is 
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stored  at  room  temperature  at  45  -percent  relative  humidity  for  five 
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INTRODUCTION 


1 .  General 

The  design  of  color  photographic  systems  has  traditionally 
emphasized  such  factors  as  emulsion  speed,  resolution,  tone  repro¬ 
duction,  ease  of  processing,  and  cost.1  Within  the  past  15  years 
image  stability  has  emerged  as  a  prominent  design  criteria.  This 
increased  attention  to  image  stability  has  stemmed  from  studies  that 
have  challenged  the  stability  of  the  dyes  used  in  most  color  processes. 

Black-and-white  films,  on  the  other  hand,  based  on  the  reduction 

of  silver  halide  emulsions,  are  extremely  stable,  relative  to  color 

emulsions,  and  with  proper  processing  and  storage  are  often  considered 

3  4 

archival  permanent.  *  The  fundamental  technology  of  silver  halide 
black-and-white  films,  aside  from  special  purpose  applications  and 
diffusion  transfer  processes,  has  changed  very  little  during  this 
century.  Recently,  however,  Agfa-Gevaert  and  Ilford  have  introduced 
black-and-white  films  based  on  dye  systems  corresponding  to  those 
used  In  color  photographic  films.  Similar  to  color  films,  these  new 
emulsions  contain  color  couplers  which  react  with  oxidized  developer 
to  yield  various  dyes.  By  combining  color  couplers  a  nearly  neutral 
negative  image  is  formed.  According  to  manufacturers'  claims,  the 


new  "chromogenic  black-and-white"  films  offer  an  extremely  high 
speed-to-graln  ratio,  wider  exposure  latitude,  with  the  added  feature 
that  virtually  all  silver  In  the  emulsion  can  be  recovered  from  the 
processing  chemistry. Yet,  depending  upon  the  particular  appli¬ 
cation,  these  advantages  could  be  off-set  by  the  relative  instability 
of  the  dye  Image. 

2.  Measurement  of  Image  Stability 

An  attempt  to  standardize  measurement  of  dye  Image  stability  was 
undertaken  by  Hubbell,  McKinney,  and  West  of  Eastman  Kodak  Company  In 

O 

1967.  Their  test  procedures  were  later  incorporated  In  the  American 
National  Standards  Institute  PH  1.42-1  1969.^  The  standard  established 
various  accelerated  test  procedures,  which  are  Intended  to  closely 
simulate  the  actual  conditions  of  product  use.  The  standard  also 
specifies  that  sensitometric  exposures  are  prepared  using  normal 
processing  Instructions.  Integral  density  measurements  are  made 
before  and  after  the  dye  stability  test  using  appropriate  narrow-band 
red,  green,  and  blue  filters  (e.g.,  Kodak  Status  A  filters)  whose 
transmittance  curves  peak  close  to  the  maximum  absorption  regions  of 
the  three  dyes  In  the  color  film.1®  Hubbell  et  al,  recommended  spec¬ 
trophotometry  be  employed  when  a  more  thorough  Investigation  of  the 
hue  shifts,  stain,  or  print-out  Is  required.11 


3.  Fading  Mechanisms 


12 

Dye  Image  fading  Is  divided  Into  two  categories:  Light  fading 

refers  to  the  photochemical  processes  resulting  from  exposure  to 

light.  Both  the  Intensity  and  the  wavelength  distribution  of  the 

radiation  are  Important.  Dark  fading  refers  to  the  chemical  changes 

that  occur  without  Irradiation,  which  result  In  a  density  loss  (or 

transmittance  gain)  In  the  photographic  material.  Heat  and  humidity 

are  the  two  primary  factors  which  Influence  the  chemical  reactions 

and  Image  degradation.  Atmospheric  constituents  (e.g.,  sulfur  oxides, 

nitrogen  oxides,  and  ozone)  are  also  factors  In  dark  fading  but  In 

13 

general  are  not  as  significant  as  temperature  and  humidity.  Earlier 

studies  have  confirmed  that  dark  fading  reactions  are  primarily  of  two 

14 

types:  hydrolytic  and  oxidative-reductive.  As  would  be  expected, 
both  reaction  types  are  sensitive  to  temperature  and  humidity.  Be¬ 
cause  light  fading  and  dark  fading  result  from  photochemical  and 
chemical  reactions,  respectively.  It  Is  often  assumed  that  these  two 

reactions  are  Independent,  and  the  total  observed  Image  fade  Is  merely 

15 

the  mathematical  sum  of  the  two  fade  mechanisms.  Experimental 
evidence  for  this  assertion,  however.  Is  not  conspicuous  In  the 
literature. 

Similarly,  published  literature  provides  very  little  Insight  to 
mathematical  modeling  which  relates  fading  to  fade  time,  humidity. 


and  temperature.  The  Arrhenius  model,  which  relates  fade  rate  to 
temperature  by  plotting  reaction  rates  as  a  function  of  absolute 
temperature  is  widely  recognized,  and  it  Is  generally  assumed  that  the 
fading  of  color  dyes  Increases  with  Increasing  humidity.^6  However, 
the  empirical  relationship  between  fading  and  humidity  as  well  as 
Interactions  between  temperature,  humidity,  and  fade  time  are  not 
reported . 

4.  Research  Objectives 

The  objective  of  this  research  is  to  examine  the  Image  stability 
of  Agfapan  Varlo-XL  black-and-white  chromogenlc  film;  specifically, 

(1)  to  determine  mathematical  models  which  define  dark  fade  with  re¬ 
spect  to  fade  time,  temperature,  and  humidity,  (2)  to  test  the  hypo¬ 
thesis  that  light  and  dark  fading  mechanisms  are  Independent  and  thus 
additive,  and  (3)  to  assess  the  relative  Image  stability  of  the  film 
by  predicting  the  time  required  for  a  perceptable  change  In  its 
printing  density  under  normal  dark  and  light  fading  conditions.  The 
report  generally  discusses  each  of  these  three  objectives  separately 
so  that  each  could  be  read  Independently  or  considered  as  part  of  the 
common  study.  Table  1  outlines  the  experimental  flow. 


Table  1.  Outline  of  Experimental  Flow 
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I.  Time-Temperature-Humidity  Model;  Relates  the  effect  of  fading 
time,  temperature,  and  relative  humidity  to  change  in  film 
transmittance. 

A.  Analysis  of  Variance  (ANOVA):  Statistically  tests  the 
significance  and  interaction  of  time,  temperature,  and 
humidity. 

B.  Components  of  Variance  Analysis:  Determines  the  relative 
effects  of  time,  temperature,  and  humidity. 

C.  Regression  Analysis:  Fits  the  data  to  mathematical 
equation. 

1.  Univariate 

2.  Bivariate 

3.  Trivariate 

D.  Arrhenius  Relationship:  Predicts  the  fading  rate  at 
room  temperature  by  extrapolating  accelerated  rates 
obtained  at  high  temperatures. 

II.  Additivity  of  Light  and  Dark  Fading  Mechanisms:  Tests  the 

hypothesis  that  light  and  dark  fading  reactions  are  Independent 
and  additive. 

III.  Relative  Stability  of  Agfapan  Varlo-XL  Film: 

A.  Dark  Keeping:  Arrhenius  Method  used  to  calculate  time 
required  to  obtain  a  ten  percent  reduction  in  printing 
density  from  Initial  density  of  1.1  at  different 
relative  humidity  levels. 

B.  Light  Keeping: 

1.  Continuous  Exposure:  Determine  the  magnitude 
of  fade  using  continuous  exposure. 

2.  Intermittent  Exposure:  Determines  the  magni¬ 
tude  of  fade  using  an  Intermittent  exposure. 


EXPERIMENTAL  PROCEDURE 


1.  Time  -  Temperature  -  Humidity  Model 

For  this  portion  of  the  study,  fading  of  only  the  cyan  dye  was 
modeled.  This  Is  due  to  the  fact  that  only  Integral  densities  can  be 
measured  for  the  dye  absorption  spectrum  where  yellow  and  magenta  dyes 
are  absorbed.  Figure  1,  which  Is  a  typical  Integral  spectral  density 
curve  for  chromogenlc  systems,^  Illustrates  this  point. 
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Between  400  and  680  ran  measured  densities  are  a  contribution  of  pri¬ 
mary  absorption  from  either  yellow,  magenta,  or  cyan  dye,  as  well  as 
secondary  absorption  from  the  other  two  dyes.  Beyond  680  ran  measured 
densities  result  essentially  from  primary  absorption  of  the  cyan  dye; 
l.e..  Integral  and  anlytlcal  densities  are  nearly  equal.  Unlike  con¬ 
ventional  color  systems,  analytical  densities  between  380  and  670  ran 
for  black-and-white  chromogenlc  systems  cannot  be  easily  derived  from 
Integral  densities  because  all  silver  halide  grains  are  sensitized 
throughout  the  entire  visible  spectrum.  Thus,  only  the  cyan  dye  can 
be  modeled  without  physically  removing  the  other  two  dyes. 

A  Kodak  101  Process  Control  Sensltometer  was  used  to  expose  the 

film  (Lot  Nos.  103  and  105)  and  the  film  was  processed  using  Kodak  C-41 
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chemistry  as  recommended  by  the  film  manufacturer.  Processing  times 
and  temperatures  were  as  outlined  In  Kodak  Flexlcolor  processing  In¬ 
structions,  KP  t  66761 g  9-80.  The  exposure  aim  point  was  such  that  the 
minimum  transmittance  of  the  cyan  dye  measured  relative  to  unexposed 
film  base  with  a  Beckman  DK-2A  spectrophotometer  was  between  0.09  and 

0.12.  This  almpolnt  was  somewhat  arbitrary  but  corresponds  to  Initial 

19 

densities  used  by  Bard,  Larson,  and  Hubbell  In  their  studies.  The 
transmittance  of  the  exposed  film  emulsion  was  approximated  by  measur¬ 
ing  spectrophotometrlc  transmittance  relative  to  unexposed,  but  proc¬ 
essed,  film.  Changes  In  due  to  fading  and  coloration  of  the  film 


8 


base  were  also  eliminated  by  taking  all  measurements  relative  to  the 
film  base. 

After  exposure,  processing,  and  spectrophotometrlc  measurement 
the  film  was  faded  by  Incubating  in  desiccators,  which  were  placed  In 
thermostatically  controlled  convection  ovens  for  various  time  periods. 
The  relative  humidity  within  the  desiccators  was  regulated  by  saturated 
salt  solutions  to  yield  a  specific  relative  humidity  within  a  given 
temperature  range.  Appendix  A  lists  the  Inorganic  salts  and  describes 
the  temperature-humidity  relationship  used  In  this  experiment.  Four 
relative  humidity  levels  (approximately  20,  45,  60,  and  80  percent), 
and  four  temperature  levels  (68,  77,  85,  and  93°C)  were  used,  and 
transmittance  measurements  were  recorded  at  various  Intervals.  Trans¬ 
mittance  measurements  were  taken,  at  a  minimum,  following  two,  four, 
and  seven  day's  Incubation  and  thereafter  every  seven  days  until  at 
least  a  twenty  percent  change  In  transmittance  (AT)  was  observed. 
Generally  a  much  greater  AT  was  obtained  before  terminating  a  particu¬ 
lar  test.  A  sample  size  of  at  least  two  (duplicates)  was  used  for  each 
test. 

2.  Additivity  of  Light  and  Dark  Fading 

To  test  the  hypothesis  that  light  and  dark  fading  are  Independent, 
and  thus  additive,  fourteen  film  strips  were  sensltometrlcally  exposed 


and  processed  to  yield  a  minimum  Integral  yellow  dye  transmittance  be¬ 
tween  0.27  and  0.30,  measured  relative  to  unexposed  film.  Four  test 
strips  were  Incubated  under  accelerated  dark  fading  conditions  for  21 
days  at  68°C  and  20  percent  relative  humidity.  Spectrophotometrlc 
measurements  were  made  prior  and  subsequent  to  treatment.  After 
measurement,  the  dark  faded  test  strips  plus  the  ten  remaining  strips* 
were  irradiated  by  a  General  Electric  H400A33-1/T-16  medium  pressure 
Mercury  vapor  Tamp  at  a  distance  of  25  cm.  Measured  envelope  irradl- 
ance  at  the  film  surface  was  6400  ft-candles.  Spectral  dye  transmit¬ 
tance  curves  were  again  measured,  and  foil  covered  test  strips  were 
used  to  approximate  any  dark  fading  which  would  occur  during  exposure 
due  to  elevated  temperatures  caused  by  the  mercury  vapor  lamps.  The 
above  procedure  created  three  test  conditions: 


(1)  Samples  were  Incubated  at  constant  temperature  and  humidity, 
while  others  were  Irradiated  and  the  separate  effects  were 
added.  (Fdafk  +  F11ght) 


(2)  Samples  were  Irradiated  then  Incubated  at  constant  tempera 
ture  and  humidity.  (F,ight  -  Fdark) 


a.  Determination  of  sample  size  was  based  upon  a  statistical  estimate 
using  earlier  measurement  of  experimental  variance.20 


(3)  Samples  were  Incubated  at  constant  temperature  and  humidity 
then  irradiated  (Fdar(->*  F11ght)  • 

If  light  and  dark  fade  mechanisms  are  Indeed  additive  or  independent 
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as  suggested  by  the  literature,  each  of  the  three  conditions  should 
yield  the  same  total  fade  as  measured  by  total  change  In  transmittance 

3.  Relative  Stability  of  Agfapan  Vario-XL 

Of  practical  significance  to  the  professional,  as  well  as  the 

amateur  photographer  Is  the  relative  dark  keeping  properties  of 

black-and-white  chromogenic  films  under  normal  keeping  conditions. 

A  corollary  question  has  arisen  as  to  whether  ordinary  levels  of 

irradiation  from  a  photographic  enlarger  produces  a  significant  change 
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In  film  transmittance. 

a.  Dark  Fading  Conditions 

To  forecast  the  time  required  to  yield  a  significant  change  In 
transmittance  under  dark  keeping  conditions,  data  from  the  tlme- 
temperature-humldlty  experiment  was  used.  To  more  directly  demon¬ 
strate  the  effect  of  a  change  In  transmittance,  film  transmittance 
data  were  transformed  to  printing  density  using  the  following  re¬ 
lationship: 
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D 


P 


/  E.S.O,T,dX 

TE^Tx 


E^  =  Relative  spectral  radiant  power  of  enlarger 
source  at  X 

=  Transmittance  of  negative  at  X 
0^  *  Transmittance  of  enlarger  optical  system 
exclusive  of  the  negative  at  X 
*  Spectral  sensitivity  of  photographic  paper  at  X 


An  Omega  0-6  enlarger,  equipped  with  a  Kodak  Ektar  OR  218  50mm  lens 

and  a  GE  PH212  150w  lamp,  was  used  during  the  experiment  to  fade  the 

film  and  is  considered  to  be  representative  of  those  used  to  print  35mm 

negatives.  For  printing  density  calculations  the  spectral  radiant 

power  of  a  3000°K  enlarger  source  and  a  standard  paper  sensitivity  were 
23 

used.  The  transmittance  of  the  enlarger  optics  system  was  determined 
by  dividing  the  spectral  power  distribution  of  the  enlarger  measured 
at  the  enlarger  baseboard  by  the  spectral  power  distribution  of  the 
enlarger  lamp.  These  measurements  were  made  at  lOnm  Increments  using 
an  EG&G  radiometer/ml crometer/fi Iter  wheel  system.  Appendix  B  lists 
the  relative  values  for  E^,  Sy  and  0^,  and  Figure  2  graphically 
Illustrates  the  cascaded  values  of  E^,  S^,  and  0^,  which  indicate  the 
relative  sensitivity  of  the  enlarger-paper  system,  at  various  wave¬ 
lengths,  to  changes  in  film  transmittance.  A  program  for  determining 


2 


Dp  for  this  system  using  a  Texas  Instrument  58C/59  Is  also  Included 
In  Appendix  B. 
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Figure  2.  Cascaded  Values  of  Power  Source,  Optics  Transmittance, 
and  Paper  Sensitivity 


After  transforming  film  spectral  transmittance  values  to  printing 
densities,  predictions  of  the  time  required  for  negatives  to  lose  ten 
percent  of  original  printing  density  at  room  temperature  were  obtained 
by  using  the  Arrhenius  relationship  and  extrapolating  the  fade  rates 
at  accelerated  temperatures  to  normal  rates  at  room  temperature. 

b.  Light  Fading  Conditions 

To  investigate  the  light  stability  of  the  film  when  subjected  to 
enlarger  irradiance  during  printing,  the  exposed  Agfapan  Vario-XL  film 
was  placed  in  the  Omega  D-6  negative  carrier,  emulsion  toward  the 
enlarger  base,  and  irradiated  by  the  enlarger  for  45  hours.  This  ex¬ 
posure  time  Is  equivalent  to  9530  17-second  exposures  of  the 
negative— far  more  printing  exposures  than  the  average  negative  would 
be  subjected  to.  Irradiance  at  the  film  plane  was  472  foot-candles 
with  a  distribution  temperature  of  3100°K.  After  45  hours  exposure 
the  irradiance  from  the  tungsten  source  decreased  to  445  foot-candles. 
Procedures  for  calibrating  and  measuring  light  sources  are  contained 
In  Appendix  C. 

Four  test  strips  were  irradiated.  To  approximate  the  portion  of 
the  total  fade  which  was  attributed  to  only  dark  fade  (chemical  re¬ 
action)  due  to  heat  build  up,  two  control  strips,  exposed  the  same  as 


the  test  strips,  were  wrapped  In  aluminum  foil  and  placed  In  the  en¬ 
larger  negative  carrier  with  the  test  strips.  The  average  change  in 
transmittance  of  these  control  strips  was  subtracted  from  the  total 
change  in  transmittance  of  the  test  strips. 

Recognizing  that  a  significant  intermittency  effect  would  bias 
the  experiment  as  a  measure  of  the  film's  light  stability  under  actual 
conditions  of  use,  an  interval ometer  was  designed  and  fabricated.  The 
interval ometer  had  a  on-cycle  of  17  seconds  followed  by  a  56-second 
off-cycle.  The  cycle  was  automatically  repeated  for  a  total  exposure 
of  45  hours.  The  interval ometer  schematic  is  listed  in  Appendix  D. 


DISCUSSION  OF  RESULTS 


1 .  General 

After  sensitometric  exposure  and  processing,  the  spectrophoto- 
metric  values  for  each  exposure  were  measured  prior  and  subsequent  to 
treatment.  For  dark  fading  tests  In  which  film  was  incubated  at 
specific  temperatures  and  relative  humidities,  spectrophotometric  dis¬ 
tributions  were  measured  at  various  time  intervals.  Figure  3  illus¬ 
trates  a  representative  case  in  which  transmittance  is  measured  with 
respect  to  base  material.  At  low  relative  humidity  (20%),  the  greatest 
change  in  transmittance  is  in  the  red  spectral  region  (cyan  dye),  and 
the  least  change  Is  in  the  blue  spectral  region  (yellow  dye).  A 
slight  decrease  in  transmittance  (increase  in  density)  is  noted  in  the 
green  spectral  region  (magenta  dye).  It  must  be  remembered  that  all 
spectrophotometric  distributions  measured  are  integral  distributions 
so  that  the  decrease  in  green  transmittance,  for  example,  could  be 
attributed  to  an  actual  Increase  In  magenta  dye  or  more  likely  the 
case,  due  to  new  reaction  products  from  the  yellow  dye.  At  higher 
humidity  levels  (Figure  4)  the  same  trend  is  noted  except  the  relative 
Instability  of  the  yellow  dye  Is  much  greater.  From  a  practical  stand¬ 
point,  the  fading  Illustrated  in  Figure  4  at  high  humidity  is  of  much 
greater  significance  because  most  black  and  white  papers  are 
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Figure  3.  Spectrophotometric  Transmittance  Curves  Depicting  Dark 

Fading  at  Various  Time  Intervals  at  Low  Humidity  (20%  RH) 
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Figure  4.  Spectrophotometric  Transmittance  Curves  Depicting  Dark 

Fading  at  Various  Time  Intervals  at  High  Humidity  (80%  RH), 
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Figure  5.  Spectrophotometrlc  Transmittance  Curve  Depleting 
Light  Fading 


2.  Time-Temperature-Humidity  Series 


a.  General 

The  results  of  Incubating  the  film  at  four  levels  of  temperature 
and  four  levels  of  relative  humidity  were  measured  spectrophotometrl- 
cally  at  various  time  Intervals.  As  previously  noted,  mathematical 
modeling  of  the  tlme-temperature-humldlty  variables  was  limited  to  the 
cyan  dye.  Although  the  maximum  cyan  dye  absorption  Is  at  660nm, 
measurements  were  recorded  at  680nm  to  minimize  secondary  absorptions. 
Appendix  E  contains  the  average  transmittance  values  T,  which  were 
measured  at  680nm  under  the  various  dark  fade  conditions  at  various 
time  Intervals.  Each  data  point  represents  the  average  of  at  least 
two  replicates. 

b.  Analysis  of  Variance 

The  replicated  T  measurements  for  the  0,  7,  14,  and  21  day  Inter¬ 
vals  were  analyzed  using  analysis  of  variance  (ANOVA)  techniques  to 
confirm  that  the  Independent  variables  (fade  time,  temperature,  and 
relative  humidity)  were  statistically  significant  In  effecting  film 
fade.  The  ANOVA  also  determined  whether  significant  Interaction 
occurred  between  the  Independent  variables.  The  C-notatlon  algorlthem 


and  calculation  technique  as  specified  by  Rlckmers  and  Todd  were 
used.  The  Intermediate  values  are  contained  In  Appendix  F. 

Table  2  lists  the  threshold  value  required  for  statistical  slg 
nlflcance  for  each  primary  variable  and  Interaction  term. 

Table  2.  Significance  of  Primary  Variables  and  Interaction  Terms 

Significance 


Threshold  F-test 

Temperature  4.76  32.14 
Relative  Humidity  (RH)  4.76  6.27 
Fade  Time  5.14  15.43 
Temp  X  RH  Interaction  2.96  10.56 
Temp  X  Fade  Time  Interaction  2.66  18.17 
RH  X  Fade  Time  Interaction  2.66  3.66 
Temp  X  RH  X  Fade  Time  Interaction  1.90  6.46 


The  ANOVA  confirmed  that  each  variable  and  all  Interactions  are 
statistically  significant  In  effecting  changes  In  transmittance  as  a 
result  of  dark  fading  conditions.  The  difference  between  the  signifi¬ 
cance  threshold  and  the  F-test  value  Indicates  a  measure  of  statistical 
significance. 

It  Is  not  surprising  that  the  three  primary  variables  proved  to 
be  significant,  but  It  was  not  expected  that  all  four  interactions 
would  be  significant.  The  Interaction  Indicates  that  the  amount  of 
fade  caused  by  one  particular  variable  is  dependent  upon  the  magnitude 


of  the  other  two  Independent  variables.  That  Is  to  say,  the  effects 
of  fade  time,  temperature,  and  humidity  are  not  additive.  This  veri 
fies  that  the  actual  fading  mechanisms  associated  with  the  cyan  dye 
are  not  simple  and  that  the  reaction  kinetics  are  changing  with  re¬ 
spect  to  fade  time,  temperature,  and  humidity. 
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A  components  of  variance  analysis  was  performed  to  determine 
which  test  variables  had  the  greatest  effect  in  changing  film  trans¬ 
mittance  within  the  parameters  of  this  experiment.  Table  3  summarizes 
the  results: 


Table  3.  Components  of  Variance  Analysis 

Percent  of 
Total  Variance 


Temperature  67.98 
Relative  Humidity  (RH)  5.48 
Fade  Time  17.75 
Temp  X  RH  Interaction  3.01 
Temp  X  Fade  Time  Interaction  4.06 
RH  X  Fade  Time  Interaction  0.63 
Temp  X  RH  X  Fade  Time  Interaction  0.80 
Experimental  Error  0.29 
TOTAL  100.00 


It  Is  readily  apparent  that  fade  time  and  temperature  are  the 
dominant  factors  within  the  experimental  range  tested,  and  their  inter¬ 
action  product  is  the  most  significant  Interaction.  Most  of  the  other 


Interactions,  although  statistically  significant,  do  not  contribute 
appreciably  to  the  total  variance. 

c.  Regression  Analysis 

The  fading  of  Varlopan-XL  negative  material  can  be  mathematically 
modeled  to  describe  the  change  In  negative  transmittance  (AT)  as  a 
function  of  fade  time  (t),  temperature  (T),  and  relative  humidity  (H). 
The  relationship  between  AT  and  the  independent  variables  may  be  ex¬ 
pressed  as  univariate  models: 

AT  *  f(t)  where  T  and  H  are  constant 

AT  *  f(T)  where  t  and  H  are  constant 

AT  *  f(H)  where  t  and  T  are  constant 

as  bivariate  models: 

AT  *  f(t,T)  where  H  is  constant 

AT  *  f(t,H)  where  T  is  constant 

AT  =  f(T,H)  where  t  is  constant 

or  as  a  single  trivariate  model: 

AT  =  f (t,T,H) 

As  previously  noted,  there  are  other  factors  which  influence  fading, 
such  as  atmospheric  constituents,  but  these  other  factors  were 
essentially  constant  during  the  experiment  and  are  not  included  In  the 
model . 


(1)  Univariate  Models 


The  T  data  points  from  Appendix  E  can  be  converted  to  AT  by 
subtracting  from  each  value  the  Initial,  or  Day  0,  T  value.  These  AT 
values  can  then  be  plotted  to  Indicate  the  relationship  between  AT  and 
fade  time,  temperature,  or  relative  humidity.  With  three  levels  of 
fade  time  and  four  levels  each  of  temperature  and  humidity  a  total  of 
40  (  (4x4)  +  (4x3)  +  (4x3)  )  univariate,  or  one-dimensional,  relation¬ 
ships  exist. 

In  Figure  6,  15  of  these  univariate  equations  are  plotted  in  four 
families  of  curves.  The  equations  were  derived  using  a  least  squares 
regression  analysis  program  which  calculates  linear,  exponential, 
logarithmic,  power,  second-order  polynomial  and  third-order  polynomial 
regression  models.  In  nearly  every  case  the  second-order  polynomial 
(y  *  a  +  bx  +  cx  )  provided  the  best  fit  (highest  correlation  co¬ 
efficient  and  lowest  standard  error).  All  univariate  equations.  In¬ 
cluding  those  for  the  graphs  In  Figure  6  are  listed  in  Appendix  G. 

Several  conclusions  can  be  reached  from  the  univariate  re¬ 
lationships: 


First,  within  the  range  of  this  experiment,  the  fading  of  the 


cyan  dye  can  be  closely  modeled  using  second-order  univariate  re¬ 
lationships.  The  average  correlation  coefficient  for  the  40  models 
Is  0.976,  and  the  average  standard  error  Is  0.0174. 

Second,  the  rate  of  fade  (AT/tlme)  Is  not  constant.  (Figure  6a) 
If  the  original  transmittance  data  were  converted  to  density 
(D  =  -log^g  T),  and  if  AD  were  plotted  with  respect  to  time,  the  rate 
of  fade  AD/tlme  Is  even  more  variant.  Figure  7,  for  example,  shows  a 
typical  relationship  between  AD  and  time.  This  point  will  be  further 
developed  when  the  Arrhenius  relationship  is  discussed. 


Time  (Days)  93°C/45%  RH 


Third,  for  this  particular  cyan  dye,  the  effect  of  humidity  at 
low  temperatures  (68°C)  Is  insignificant  (Fig.  6b.).  At  room 
temperature,  humidity  would  not  be  expected  to  be  significant.  The 
effect  of  humidity  Is  much  greater  at  higher  temperatures,  due  to  the 
interaction  between  humidity  and  temperature. 

Finally,  the  Interaction  of  independent  variables,  which  the 
analysis  of  variance  proved  to  be  statistically  significant,  is  sub¬ 
stantiated  In  each  of  the  graphs.  Without  interaction,  each  of  the 
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plots  within  families  of  curves  would  be  parallel. 

(2)  Bivariate  Model 

The  fading  model  may  also  be  expressed  as  a  more  general 
bivariate  equation  in  which  AT  is  described  as  a  function  of  time  and 
temperature,  time  and  humidity,  or  temperature  and  humidity.  In  each 
case  the  third  Independent  variable  is  held  constant.  The  optimal 
two-dimensional  equation  for  each  bivariate  form  was  determined  using 
a  least  squares  program  developed  by  I.  Pobboravsky,  R.I.T.  Research 
Corporation.  The  program  calculated  the  coefficients  for  the  two 
Independent  variables  as  well  as  correlation  coefficients  and  standard 
errors  for  the  bivariate  models  in  three  forms: 


y  *  the  dependent  variable 

and  *2  ~  the  independent  variables 

In  each  instance,  the  third  equation  (second-order  with  inter¬ 
action  term)  provided  the  best  fit  yielding  the  largest  correlation 
coefficient  and  the  smallest  standard  error.  This  further  suggests 
that  the  fading  rates  are  second-order  and  that  interaction  between 
the  factors  exists.  The  various  bivariate  equations  are  listed  in 
Appendix  H.  The  average  bivariate  equation  correlation  coefficient 
was  .974  and  the  average  standard  error  was  0.0369. 

(3)  Trivariate  Model 

To  develop  a  more  general  mathematical  model  of  the  cyan  dye 
fade  a  second-order  trivariate  regression  model  of  the  following 
format  was  Introduced: 

AT  *  aQ  +  ait  +  agT  +  ajH  +  a^t^  +  a^T^  +  agH^  +  a^tT 
+  a0tH  +  a0TH 


It  should  be  noted  that  this  ten-term,  trivariate  model  includes  all 
factors  and  interactions  that  the  ANOVA  proved  to  be  significant  with 
the  exception  of  the  third-order  interaction  between  time,  temperature 
and  humidity.  Since  this  third-order  interaction  contributed  only  0.8 
percent  of  total  variance,  its  omission  from  the  model  is  not  signifi¬ 
cant.  A  least  squares  program  developed  by  I.  Pobboravsky  fit  the 
data  in  Appendix  E  and  yielded  the  following  tri variate  equation: 

AT  =  1.2764  -  0.0564t  -  0.0294T  -  0.0104H  -  6.0660  X  10‘4  t2 
+  1.7312  X  10-4  T2  +  2.7241  X  10-5  H2  +  1.0090  X  10'3  tT 
+  1.3445  X  10‘4  tH  +  1.0004  X  10‘4  TH 

The  model  provided  a  correlation  coefficient  of  0.9592  and  a  standard 
error  of  0.0438. 

d.  Arrhenius  Relationship 

The  relationship  between  the  rate  of  many  chemical  reactions, 

such  as  fading,  and  temperature  can  be  represented  by  an  empirical 
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equation  proposed  by  Arrhenius. 


where  k  =  the  rate  constant  for  the  reaction 
R  =  the  universal  gas  constant 
T  a  the  absolute  temperature 
E  =  the  activation  energy  for  the  reaction 
Assuming  the  activation  energy  is  independent  of  temperature,  the 
equation  can  be  integrated  to 

ln  k  xif +  c 

where  C  is  the  integration  constant.  Since  E  and  R  are  assumed  to  be 
independent  of  temperature.  In  k  “  1/T.  By  plotting  ln  k  versus  1/T 
a  straight  line  should  be  obtained  with  a  slope  equal  to  -E/R.  By 
extrapolating  this  straight  line  to  room  temperature,  normal  fading 
rates  may  be  predicted  from  accelerated  aging  tests  conducted  at 
higher  temperatures. 

Key  to  the  Arrhenius  equation  is  application  of  the  proper  rate 
constant  for  the  fading  mechanism;  the  rate  constant  must  indeed  be 
constant  with  respect  to  time. 

The  rate  constant  of  any  chemical  reaction  dpends  on  the  kinetics 
of  the  reaction.  In  general,  the  rate  is  dependent  upon  the  concen¬ 
tration  of  the  reactants,  and  the  differential  equation  expressing  the 
rate  as  a  function  of  the  concentration  of  each  of  the  species  which 
affect  the  rate  is  called  the  rate  law  of  the  reaction.  For 


example,  for  a  reaction  with  reactants  A  and  B,  the  rate  law  could 

?Q 

have  one  of  the  following  forms: 


First  Order  in  A: 

Second  Order  in  A: 

Third  Order  in  A:  -d(A)  _ 
Zero  Order  in  A: 


^»k(A)  or  k(A)(B) 


dt 


k  (A)2  or  k(A)2(B) 


k  (A)3  or  k(A)3(B) 


k  (A)u  =  k 


The  order  of  a  particular  chemical  reaction  may  be  determined  by 
plotting  different  functions  of  the  concentration  (c)  versus  time. 


Table  4.  Kinetics  Models 
Reaction  Order 
First-Order 
Second-Order 
Third-Order 
Zero-Order 


Straight  Line  Plot 

log  c  vs.  time 

1/c  vs.  time 
2 

1/c  vs.  time 

c  vs.  time 


A  more  detailed  explanation  of  reaction  order,  as  well  as  a  derivation 
of  the  relationships  above,  may  be  obtained  from  any  chemical  kinetics 
or  physical  chemistry  text.30,  3^ 


The  relationship  between  the  concentration  of  the  reactants 

(dyes)  that  affect  the  fading  rate  constant  and  density  is  explained 
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by  the  Lambert-Beer  law 

I  «  Ift10_ecx 
o 

where  e  *  dye  extinction  coefficient 

c  ■  concentration 
x  «  thickness 
I  »  transmitted  light 
IQ  ■  Incident  light 

Since  transmittance,  T,  equals  I/IQ,  and  density  (D)  *  -log1Q  I» 
follows  that 

D  ■  log^Q  1/T  »  ecx 

Since  e  and  x  are  constant,  density  is  proportional  to  dye  concen¬ 
tration. 

Thus,  the  reaction  order  of  the  fading  mechanism  may  be  determined 
by  plotting  different  functions  of  density  versus  time. 

Figure  8  Illustrates  the  graphical  analysis  of  the  fading  data 
for  the  68°C/45%  RH  treatment.  The  plot  of  the  1/0  versus  time  re¬ 
sults  In  the  stralghtest  line,  Indicating  a  second-order  reaction. 


The  slope  of  the  line  represents  the  reaction  rate  constant.  Assuming 
this  second-order  Kinetic  Model,  linear  regression  analysis  was  per¬ 
formed  on  each  treatment  of  temperatures  and  humidities  for  the  re¬ 
lationship  of  K  »  A  1/D  /  At. 

2  Log 

1/D*  1/D  D  D  T 

60  .6 

40  8  -.8  .8  .4 

20  4  -.4  .4  .2 


2  4  7  14  21 

Time  (Days) 

Figure  8.  Relationship  between  Fade  Time  and  Transmittance  (T), 
Density  (D),  Log  D,  1/D,  and  1/D2. 
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(R^*  .999)  (R^*  .996)  (R*=  .993)  (R  =  .987) 


The  second-order  linear  relationship  models  the  data  extremely 
well  at  lower  humidity  levels  but  not  as  well  for  80  percent  relative 
humidity  equations.  The  first-order  model,  k  «  Alog  D/At,  on  the 
other  hand,  yielded  a  much  better  linear  fit  for  80  percent  relative 
humidity  data.  Figure  9  plots  the  average  correlation  coefficient  for 
the  first-order  as  well  as  second-order  linear  models  with  respect  to 
the  four  humidity  levels. 


20  45  60  80 

Relative  Humidity 


Figure  9.  First  and  Second  Order  Correlation  Coefficients  as  a 
Function  of  Relative  Humidity  Level. 


The  second-order  kinetics  model  seems  to  fit  the  reaction  kinetics 

except  at  higher  humidity,  at  which  case,  a  first-order  model  more 

accurately  describes  the  reaction  mechanism.  A  study  by  Y.  Seoka 
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et  ar  Indicates  that  coupler  solvent  evaporates  from  photographic 

emulsions  when  relative  humidity  exceeds  70  percent.  Previous  studies 

34  35 

by  S.E.  Shepard  et  a!  and  C.M.  Martin  et  ar  also  suggest  that  the 
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physical  properties  of  the  gelatin  layer  change  abruptly  at  about 
70%  RH.  A  correlation  may  exist  between  these  findings  and  the 
apparent  change  In  the  reaction  kinetics  as  Indicated  by  Figure  9. 

To  predict  the  time  required  at  room  temperature  (24°C)  for  the 
cyan  dye  to  fade  to  a  specific  density.  In  k  is  plotted  against  the 
reciprocal  of  the  absolute  temperature,  and  the  straight  line  is  ex¬ 
trapolated  to  room  temperature.  Figure  10,  for  example,  predicts 
In  k  =  -9.10667  or  k  »  0.0001109  at  room  temperature  and  20%  RH. 

Since  the  rate  constant  is  for  a  second-order  reaction  in  which 
k  a  ,  this  translates  to  1000  days  (2  3/4-years)  for  a  fade  from 
0  *  1.0  to  D  *  0.9.a  The  45%  and  60%  RH  data  predictions  would  not  be 
expected  to  differ  appreciably  since  earlier  regression  models  showed 
that  humidity  is  not  a  significant  factor  in  the  fading  of  the  cyan  dye 
at  lower  temperatures.  The  Arrhenius  prediction,  using  a  first-order 
rate  constant  (Alog  D/At),  for  a  ten  percent  density  loss  from 
D  =  1.0.  Under  80%  RH,  24°C  keeping  conditions  is  1.5  years 
(Figure  11). 


a  The  77°  data  generally  did  not  lie  on  the  Arrhenius  In  k  vs.  1/T 
straight  line  plots.  This  is  attributed  to  an  oven  thermostat 
failure.  Consequently,  the  77°C  data  was  discarded  for  this 
Arrhenius  test. 


Rather  than  consider  the  order  of  the  fading  reaction  when 
determining  the  rate  constant,  Eastman  Kodak  Company  authors  typically 
assume  a  linear  relationship  between  density  loss  and  fade  time.^ 
First,  density  versus  time  curves  are  plotted  (Figure  12).  Then,  from 
these  smoothed  curves  the  particular  times  required  to  achieve  deter¬ 
mined  density  losses  are  found  for  each  temperature  treatment.  This 
fade  time,  ty,  Is  proportional  to  1/k,  and  In  ty  is  plotted  against 
1/T.  (Figure  13) 
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Figure  12.  Dark  Fading  of  Cyan  Dye  at  Different  Temperatures  from 
an  Initial  Density  of  1.0. 
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This  particular  method  assumes  that  k  is  linear  for  a  AD  versus  At 
plot,  that  is  to  say,  a  zero-order  reaction  occurs  in  which  the  rate 
of  fade  is  independent  of  density.  Figure  12  suggests  that  this  is 
not  the  case,  at  least  for  the  Agfapan  Vario-XL  cyan  dye.  The  linear 
approximation,  however,  is  adequate  for  predicting  fade  times  for  fade 
rates  which  are  indeed  zero-order  and  for  small  changes  from  initial 
densities.  Table  6  compares  the  predictions  from  the  two  methods. 


Table  6.  Comparison  of  Two  Arrhenius  Methods  for  Predicting  Dark 
Fading  of  Cyan  Dye 


First  Method 
(plotting  In  k  vs.  1/T) 


20%  RH 

AD  -  0.1 

1000  days 

AD  «  0.3 

3900  days 

80%  RH 

AD  »  0.1 

543  days 

AD  ■  0.3 

5100  days 

Second  Method 
(plotting  tT  vs.  1/T) 

700  days 
1900  days 

500  days 
2400  days 


( 


9 
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3.  Additivity  of  Light  and  Dark  Fading. 

a.  Conditions  for  Additivity 


Two  necessary  conditions  must  be  satisfied  if  the  effects  of 
light  fading  and  dark  fading  are  to  be  additive.  First,  there  must 
not  be  any  interaction  between  the  dark  fading  (chemical)  reaction  and 
the  light  fading  (photochemical)  reaction.  For  example,  products  of 
either  reaction  must  not  function  as  catalysts  or  inhibitors  for  the 
other  reaction.  Second,  both  reaction  rates  must  be  linear.  Figure  14 
illustrates  this  second  point. 


Figure  14.  Requirement  for  Linear  and  Non-Interactive  Rate  Constants 
for  Light  and  Dark  Fading. 


Figure  14a  and  14b  represent  the  case  where  individual  test  strips 
are  light  faded  and  dark  faded,  respectively.  The  total  fade  is 
obtained  by  adding  and  F^.  Figure  14c  represents  the  case  where 
a  single  test  strip  is  light  faded  and  then  dark  faded  (F^  p) 
or  vice  versa  (Fp  ^).  In  either  case,  the  total  fade  is  F^.  ,  and 
assuming  no  interaction,  F^  =  F^  +  Fp.  Now,  if  either  or  both  re¬ 
actions  were  not  linear,  as  represented  by  Figure  15,  +  Fq  ,  F. 

or  FD  L  woul<1  not  necessarily  be  equal. 


Figure  15.  Result  of  Non-Linear  Fade  Rates. 
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b.  Experimental  Results 


With  respect  to  linearity,  both  the  light  fade  and  dark  fade 
reactions  can  be  considered  essentially  linear  when  plotting  trans¬ 
mittance  versus  time  within  the  range  of  experimental  data  (Figure  16). 


Figure  16.  Graphs  of  Actual  Cyan  Dye  Light  and  Dark  Fade  Rates. 


The  linear  correlation  coefficients  for  the  light  and  dark  reactions 
are  as  follows: 


Table  7.  Linear  Correlation  Coefficients  for  Cyan  Dye  Light  and  Dark 
Fading. 


Llaht  Fade 

Dark  Fade 

450nm 

.980 

.980 

540nm 

.983 

.988 

680nm 

.990 

.985 
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Thus,  the  light  and  dark  fading  rates  are  assumed  to  be  suffi¬ 
ciently  linear.  It  should  be  noted  that  the  light  and  dark  fade  data 
may  be  transformed  from  T  to  0  and  1/D,  respectively,  to  yield  even 
better  correlation  coefficients  for  a  linear  fit.  However,  the  final 
conclusions  are  not  altered. 

The  changes  In  transmittance  following  treatment  are  shown  in 
Figure  17,  and  the  AT  values  at  450nm,  540nm,  and  680nm  are  listed  in 
Table  8. 


Mmlength  (nm) 


Figure  17.  Change  In  Film  Transmittance  after  Light  and  Dark  Fading. 

Solid  Line  Represents  FD  +  FL.  Dotted  Line  Represents 
Fn  -*■  F.  .  Dashed  Line  Represents  F,  -*•  Fn. 
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Table  8.  Total  Change  in  Transmittance  for  Three  Test  Conditions 
at  450nm,  540nm  and  680nm.  Values  in  parenthesis  are 
individual  light/dark  fade  components. 


450nm 

540nm 

680nm 

fl  +  fd 

.1834 

(.1838,  -.0004) 

.1636 

(.1912,  -.0276) 

.3089 

(.1519,  -.1570) 

FL  -*  D 

.2198 

(.1838,  .036) 

.1900 

(.1912,  -.0012) 

.2538 

(.1519,  .1019) 

FD  -►  L 

.0824 

(-.0004,  .0828) 

.0242 

(-.0276,  .0518) 

.2168 

(.1570,  .0598) 

It  should  be  noted  that  the  AT  values  in  Figure  17  and  Table  8 
do  not  agree  perfectly  because  the  Figure  17  was  derived  from  one 
representative  sample,  whereas  the  Table  8  values  are  the  mean  AT 
values  from  the  entire  experiment. 


A  statistical  hypothesis  test  of  the  means  considered  the  null 

hypothesis  that  yF  +  yF  =  F  *  yF  using  a  two  tailed 
rL  rD  1  -  D  rD  -+•  L 

t-test  with  a  0.10  critical  region.  The  analysis  failed  to  statisti¬ 
cally  accept  the  null  hypothesis,  which  is  to  say,  the  three  test 
conditions  do  not  yield  the  same  total  fade.  Thus,  it  must  be  assumed 
that  there  is  interaction  between  the  light  and  dark  fade  reactions. 

In  the  case  of  the  cyan  dye  (680nm),  both  the  light  and  dark  re¬ 
actions  inhibit  the  other  reaction.  In  the  case  of  the  magenta  (540nm) 


and  the  yellow  (450nm)  dyes,  a  synergistic,  or  catalytic,  effect 
occurs  when  light  fading  precedes  dark  fading.  The  dark  reaction, 
however,  inhibits  the  light  reaction  when  the  order  is  reversed.  In 
each  case  the  dominant  effect  is  the  inhibition  of  the  dark  reaction 

4.  Relative  Stability  of  Agfapan  Vario-XL 

a.  Dark  Stability 

Printing  densities  were  calculated  for  unfaded  film  and  for 
film  incubated  at  levels  of  temperature,  humidity,  and  fade  time. 
(Figure  18)  The  spectral  data  for  calculating  printing  density  are 
contained  in  Appendix  B. 


Figure  18.  Printing  Density  with  Respect  to  Fade  Time  at  various 
Temperatures,  (a)  20%  RH,  (b)  45%  RH,  (c)  60%  RH, 

(d)  80%  RH. 


Since  a  general  transformation  could  not  be  found  which  would  create 
a  linear  fade  rate  for  all  treatment  conditions,  the  Arrhenius  metho¬ 
dology  suggested  by  Kodak  authors  was  used:  The  rate  curves  were 
Interpolated  (extrapolated  for  20%  tests)  to  determine  the  number  of 
days  required  for  a  ten  percent  loss  In  density.  The  ten  percent 
density  loss  levels  are  Indicated  In  Figure  18  by  the  cross  marks. 
These  values  were  then  plotted  against  1/T  on  log  graph  paper  (Figure 
19)  and  a  straight  line  was  drawn  through  the  points  using  the  best 
visual  fit. 
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Figure  19.  Predicted  Dark  Fading  (Loss  of  Printing  Density)  at 

Different  Temperatures  for  Agfapan  Varlo-Xl  stored  at  20, 
45,  60,  and  80  Percent  Relative  Humidity. 


Table  9  summarizes  the  Arrhenius  predictions  from  Figure  19. 


Table  9.  Arrhenius  Predictions  for  ten  percent  loss  in  printing 
density  at  various  humidity  storage  conditions. 

Time  for  10%  loss 

Relative  Humidity  in  Printing  Density 
20%  23  years 

45%  5  years 

60%  200  days 

80%  80  days 

Compared  to  Arrhenius  predictions  for  the  cyan  dye,  the 
Arrhenius  projections  for  changes  in  printing  density  are  extremely 
sensitive  to  humidity.  This  is  because  the  yellow  dye  Itself  is 
humidity  sensitive.  (See  Figure  4) 


b.  Light  Stability 


The  change  In  density  of  the  Agfapan  Varlo-XL  after  an  ex¬ 
posure  time  of  45  hours  Is  shown  In  Figure  20.  The  original  printing 
density  before  fade  was  0.66.  The  spectral  power  distribution  of  the 
Irradiating  source  Is  shown  in  Appendix  I. 


Figure  20.  Change  In  Agfapan  Varlo-XL  Density  after  45  hour 
Enlarger  Exposure. 
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From  a  practical  standpoint,  the  Varlo-XL  Is  extremely  light  stable 
since  at  most  only  a  0.015  printing  density  loss  Is  observed  after 
being  subjected  to  normal  enlarger  radiation  for  45  hours.  As  previ¬ 
ously  noted,  45  hours  of  exposure  is  equivalent  to  more  than  9000 
individual  17-second  exposures.  An  intermittency  effect  was  observed: 
each  dye  faded  more  during  the  intermittent  exposure.  The  effect 
could  be  more  significant  If  the  period  between  exposures  were  in¬ 
creased. 


c.  Effect  of  Image  Fade 

To  a  certain  extent,  the  effect  of  fading  of  a  black-and-white 
intermediate  material  is  not  significant  for  relatively  large  amounts 
of  fade  since  color  balance  is  not  a  concern  and  a  general  decrease  in 
negative  density  can  be  compensated  by  reducing  enlarger  exposure  time 
or  lens  aperture.  The  effect  of  fade,  however,  significantly  affects 
printing  contrast  when  the  fading  mechanism  is  not  zero-order,  since 
the  rate  constant  for  a  zero-order  reaction  is  Independent  of  reactant 
concentration,  or  in  this  case,  dye  density.  A  non  zero-order  reaction 
mechanism  would  result  in  greater  fade  in  high  density  images  than  in 
low  density  regions  of  the  negative,  resulting  In  a  contrast  reduction. 
Since  this  study  did  not  address  rate  constants  for  the  yellow  and 
magenta  dyes,  the  extent  of  change  In  printing  contrast  due  to  non¬ 
linear  fading  cannot  be  assessed. 
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Fading  can  also  affect  printing  contrast  when  the  dye  absorption 
curves  shift  during  fade,  particularly  when  printing  with  multicon¬ 
trast  papers,  which  are  sensitive  to  longer  wavelength  radiation.  To 
verify  this  point,  two  Agfapan  Vario-XL  negatives  were  sensitometri- 
cally  exposed  with  a  step  tablet  Image.  One  negative  was  dark-faded 
for  seven  days  at  93°C/602  RH.  The  shift  in  absorption  at  93°C/80%  RH 
is  seen  In  Figure  4.  Both  negatives  were  then  used  to  print  the  step 
tablet  Image  on  Kodak  Polycontrast  paper  using  Kodak  Polycontrast 
Filters.  The  resulting  printing  contrasts  for  the  printed  Images  are 
tabulated  In  Table  10. 

Table  10.  Printing  Contrast  (y)  from  unfaded  and  faded  negatives. 


Polycontrast 

Filter 

Unfaded 

Negative 

Faded 

Negative 

1 

1.83 

1.97 

2 

2.80 

2.89 

3 

3.00 

2.73 

4 

3.28 

2.68 

An  Interesting  effect  Is  observed  when  both  negatives  are  printed  with 
Polycontrast  filter  1  which  extends  the  paper-filter  response  to  the 
magenta  dye  absorption  region.  (Appendix  J  shows  the  product  of  the 
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CONCLUSIONS 

The  dark  fading  of  the  Agfapan  Vario-XL  cyan  dye,  which  is 
assumed  to  be  representative  of  most  chromogenic  dyes,  can  be  accu¬ 
rately  modeled  using  multiple  nonlinear  regression  analysis.  The 
versatility  of  the  model  increases  as  more  variables,  such  as  tempera¬ 
ture,  humidity,  and  fade  time,  are  brought  into  the  model,  but  the 
accuracy  of  the  model  decreases  as  the  number  of  variables  increases. 
The  choice  of  whether  to  employ  univariate,  bivariate,  or  trivariate 
model  would  depend  on  the  application  -  -  which,  if  any,  variables  are 
held  constant  -  -  as  well  as  the  accuracy  required.  As  a  general  rule, 
however,  the  simplest  second-order  equation  which  contains  all  the 
parameters  tested  would  be  recommended.  Unlike  the  Arrhenius  relation¬ 
ship,  the  dark  fading  models  are  only  valid  within  the  range  of  experi¬ 
mental  data  and  cannot  be  extrapolated. 

It  was  also  shown  that  image  stability  modeling  is  complicated  by 
simple  and  multiple  interaction  between  chemical  and  photochemical 
reactions  (light  and  dark  fading  are  not  additive),  and  between 
temperature,  humidity,  and  fade  time.  Thus,  precise  simulation  of 
the  total  fading  process  cannot  be  accomplished  by  isolating  individual 
factors  or  without  recognizing  that  the  effect  of  one  factor  is  depen¬ 
dent  upon  the  level  of  the  other  factors. 
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The  experimental  data  for  the  cyan  dye  generally  fit  the  straight 
line  Arrhenius  model  within  the  experimental  temperature  range.  The 
fit  was  improved  by  transforming  the  data,  assuming  a  second-order 
reaction  for  relative  humidity  levels  below  80  percent.  The  80  percent 
data  was  more  linear,  assuming  a  first-order  reaction,  which  correlates 
with  earlier  studies  suggesting  the  fade  mechanism  is  rate-limited  by 
evaporation  of  coupler  solvent  at  humidities  above  70  percent.  As  re¬ 
ported  in  the  general  literature,  the  accuracy  of  the  Arrhenius  pre¬ 
dictions  is  limited  when  attempting  to  extrapolate  over  a  large 
temperature  range.  One  consequence  of  a  long  extrapolation  is  that 
two  experimenters  with  similar  rate  measurements  may  predict  dissimilar 
rates  at  room  temperatures.  Another  consequence  is  that  small  errors 
caused  by  mechanism  changes  with  temperature  (such  as  coupler  solvent 
evaporation)  will  bias  the  slope  of  the  Arrhenius  plot  even  though  the 
individual  rate  constants  are  not  greatly  affected. 

Significant  interaction  exists  between  the  light  and  dark  re¬ 
actions  which  precludes  the  total  fading  from  being  additive.  The 
dark  reaction,  in  particular,  inhibits  the  light  reaction.  Investi¬ 
gation  of  interaction  between  light  and  dark  fading  during  simulta¬ 
neous  light  and  accelerated  dark  fading  would  be  an  area  for  further 
investigation. 


It  was  also  found  that  the  film  was  extremely  light  stable  when 
Irradiated  by  a  conventional  enlarger  light  source.  The  material  did 
exhibit  an  intermittency  effect  in  which  the  image  stability  was  de¬ 
creased  during  intermittent  exposures;  however,  the  total  density  loss 
was  still  minimal  (Figure  20). 

The  dark  stability  of  the  black-and-white  chromogenic  film  com¬ 
pares  generally  with  the  stability  of  Kodacolor  II  color  film  (C-41). 

The  time  to  reach  a  density  loss  of  0.10  from  1.0  original  density  for 

07 

Kodacolor  II  film  is  reported  to  be  six  years  or  less.  This  compares 
to  five  years  for  the  predicted  time  to  lose  ten  percent  printing 
density  for  the  Agfapan  Vario-XL. 

To  compare  with  a  black-and-white  silver  halide  system,  which  more 

closely  relates  to  the  features  of  the  black-and-white  chromogenic  film, 

reveals  a  much  wider  disparity  in  image  stability.  Although  Eastman 

Kodak  Company  does  not  publish  image  stability  data  sheets  for  black- 

and-white  products,  it  is  reported  that  Kodak  film  type  Tri-X,  properly 

processed,  would  not  lose  ten  percent  density  when  stored  at  room 

38 

temperature  and  40  percent  relative  humidity  for  100  years.  Thus,  it 
must  be  concluded  that  any  advantage  Agfapan  Vario-XL  offers  in  terms 
such  as  speed-to-grain,  exposure  latitude,  or  silver  recovery  must  be 
weighed  carefully  against  the  reduction  In  Image  stability  of  the  film 
negative  material . 
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APPENDIX  A. 


Solutions  for  Maintaining  Constant  Relative  Humidity 


The  following  temperature/relative  humidity  relationships  were  inter 
polated  using  a  Texas  Instruments  linear/non-linear  regression 
analysis  program  and  a  TI-58C  calculator. 


Relative 

Temperature  °C  Humidity  %  Regression  Model 

39 

Potassium  Chloride,  KC1 


68 

80.1 

RH  - 

-0.07  t  +  84.84 

r  *  0.985 

77 

79.5 

85 

78.9 

93 

78.3 

Potassium 

Fluoride, 

KF40 

68 

21.8 

RH  = 

0.078  t  +  16.46 

r  =  0.996 

77 

22.5 

85 

23.1 

93 

23.7 

Potassium 

Iodide,  KI 

41 

68 

62.3 

RH  * 

107.96  t"0,1305 

r  =  0.994 

77 

61.2 

85 

60.5 

93 

59.7 

42,43 

Potassium 

Carbonate, 

K2C03 

25-? 

43-45 
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APPENDIX  B.  (continued) 


Sum  3 
Clr 
Rcl  1 


X 

Rcl  2 

c 

Sum  4 

Rcl  3  Repeat  for  each  wavelength  of 

7  Interest.  (Generally  390nm  - 

Rcl  4  490nm. ) 


A  -Enter  ESO  for 
B  -Enter  T 
-►Calculates  Dp 
-Clears 


Log 

R/S 

2nd  Lbl  D 
CMs 
Clr 
R/S 


1 
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APPENDIX  C. 


Calibration  of  Source  for  Light  Stability  Tests 

During  the  course  of  experimentation  it  was  discovered,  much  to 
the  experimenter's  chagrin,  that  the  intensity  and  distribution 
temperatures  of  the  GE  150  watt  PH212  lamps  varied  from  lamp  to  lamp 
and  changed  with  lamp  age.  Thus,  each  lamp  was  calibrated  to  assure 
the  same  intensity  and  distribution  temperature  at  the  beginning  of 
each  light  stability  test.  These  parameters  were  also  checked  at  the 
end  of  each  experiment  to  ensure  that  there  was  not  a  significant 
difference  in  lamp  aging  from  test  to  test. 

The  intensity  and  distribution  temperature  measurements  were 
obtained  with  an  EG&G  Model  550-1  radiometer/monochrometer/filter  wheel 
system  and  a  spectral  computer  program  developed  by  Professor  John 
Carson. 

The  output  flux  from  each  lamp  was  measured  at  50  nm  increments 
from  450  to  750  nm  at  regulated  voltage  settings  of  100,  110,  120,  and 
130  volts.  The  spectral  power  data  was  converted  to  distribution 
temperatures  and  intensity  for  each  lamp  using  Professor  Carson's 
program.  A  Texas  Instruments  regression  analysis  program  was  used  to 
determine  the  relationship  between  voltage,  V,  distribution  temperature. 


APPENDIX  C.  (continued) 


a2 

DT,  and  Illumination*  E.  It  was  found  that  V  *  a,  DT  and 
V  *  a3E  +  a^  where  a^,  a2>  a3,  and  a4  are  constants.  The  voltage  was 
then  calculated  to  yield  a  specific  distribution  temperature  and 
Illumination  (3100  K  and  472  footcandles) .  A  twin  variac  rheostat 
and  line  voltage  regulator  were  used  to  adjust  and  regulate  the 
voltage. 

It  was  also  discovered  that  distribution  temperature  and  illumi¬ 
nation  decrease  with  lamp  age.  Thus,  replicate  experiments  were  con¬ 
ducted  using  lamps  with  similar  ages. 
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APPENDIX  D. 
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APPENDIX  G. 

Univariate  Equations 


Constant  Values 

Day  7,  20%  RH 
Day  7,  45%  RH 
Day  7,  60%  RH 
Day  7,  80%  RH 

Day  14,  20%  RH 
Day  14,  45%  RH 
Day  14,  60%  RH 
Day  14,  80%  RH 

Day  21,  20%  RH 
Day  21 ,  45%  RH 
Day  21,  60%  RH 
Day  21,  80%  RH 


for  Dark  Fading. 


AT  '  f  (temp) 

*  1.57  -0.0475T  +3.69  x 

«  0.762  -0.0266T  +2.39  x 

*  2.66  -0.0759T  +5.58  x 

«  3.26  -0.0960T  +7.21  x 

-  0.386  -0.0195T  +2.21  x 

«  1.07  -0.0377T  +3.44  x 

*  1.26  -0.0447T  +4.07  x 

*  -1.04  +0.0109T  +8.51  x 

*  -0.857  +0.0116T  +3.99  x 

■  0.436  -0.0230T  +2.70  x 

■  -2.911  +0.0608T  -2.39  x 

«  -10.2  +0.253T  -1.47  x 


R2 

S.E. 

i 

o 

T2 

1  .000 

0.0003 

o 

i 

** 

T2 

0.999 

0.00068 

10-4 

T2 

0.973 

0.0447 

10-4 

T2 

0.999 

0.0091 

IQ*4 

T2 

0.994 

0.0225 

10-4 

T2 

0.997 

0.0176 

10‘4 

T2 

0.962 

0.0770 

10-4 

T2 

0.994 

0.0366 

10*5 

T2 

0.988 

0.0374 

ID*4 

T2 

0.998 

0.0178 

1 

o 

T2 

0.969 

0.0748 

10-3 

T2 

1.000 

0.000 

i 
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APPENDIX  G.  (continued) 


Constant  Values  AT  *  f  ( RH )  R2  S.E. 

Day  7,  68°C  *  0.0245  +1.21  x  TO3  RH  -9.70  x  TO*6  RH2  0.904  0.0045 
Day  7,  77°C  '  0.0616  +2.11  x  103  RH  -1.33  x  10'5  RH2  0.919  0.0108 
Day  7,  85°C  '  0.238  -2.53  x  10‘3RH  +3.97  x  10‘5  RH2  0.791  0.0360 
Day  7,  93°C  *  0.409  -5.12  x  10‘3RH  +8.87  x  10'5  RH2  0.993  0.0147 

Day  14,  68°C  =  0.0714  +5.63  x  10*4RH  -4.31  x  10"6  RH2  0.840  0.0030 
Day  14,  77°C  «  0.226  -1 .55  x  10*3RH  +3.64  x  10'5  RH2  0.939  0.0244 
Oa,  IT,  85°C  «  0.380  -4.59  x  10*3RH  +7.21  x  10'5  RH2  0.969  0.0228 
Day  14,  93°C  *  0.467  +4.14  x  10‘4RH  +3.55  x  10‘5  RH2  0.972  0.0295 

=  0.137  -1.68  x  10'3RH  +2.24  x  10'5  RH2  0.818  0.0144 
«=  0.356  -4.90  x  10'3RH  +8.60  x  10‘5  RH2  0.926  0.0493 
«  0.442  -3.97  x  10'3RH  +7.73  x  10'5  RH2  0.999  0.0013 
«  0.553  +6.33  x  10'4RH  +2.88  x  10*5  RH2t  0.999  0.0059 


Day  21 ,  68°C 
Day  21,  77°C 
Day  21 ,  85°C 
Day  21,  93°C 
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APPENDIX  G.  (continued) 


Constant  Values 

AT  *  f  (time) 

R2 

S.E. 

68°C,  20% 

RH 

m 

0.123  +5.76 

x  10'3t  -1.92  x  10'5  t2 

0.994 

0.0046 

68°C,  45% 

RH 

X 

0.124  +7.48 

x  10'3t  -8.98  x  10'5  t2 

0.992 

0.0051 

68°C,  60% 

RH 

s 

2.21  x  10‘3 

49.81  x  10'3t  -2.34  x  10*4  t2 

0.990 

0.0065 

68°C ,  80% 

RH 

X 

4.51  x  10'3 

46.54  x  10‘3t  41.09  x  10'5  t2 

0.98S 

0.0092 

77°C,  20% 

RH 

X 

-2.61  x  10'3 

+0.0160t  -7.21  x  10‘5  t2 

0.999 

0.0064 

77°C,  45% 

RH 

X 

3.90  x  10‘3 

+0.0189t  -2.80  x  10'4  t2 

0.998 

0.0072 

77°C,  60% 

RH 

> 

3.63  x  10‘3 

+0.022t  -1.11  x  10*4  t2 

0.999 

0.0044 

77°C,  80% 

RH 

X 

9.83  x  10'3 

+0.020t  -1.802  x  10'4  t2 

0.996 

0.0189 

85°C,  20% 

RH 

X 

7.19  x  10‘3 

+0.0309t  -6.00  x  10*4  t2 

0.998 

0.0077 

85°C,  45% 

RH 

X 

0.0200 

+0.0342t  -7.43  x  10'4  t2 

0.990 

0.0204 

85°C,  60% 

RH 

X 

0.0196 

♦0.0292t  -3.50  x  10‘4  t2 

0.993 

0.0184 

85°C,  80% 

RH 

K 

0.0141 

+0.0451 t  -7.86  x  10‘4  t2 

0.998 

0.0143 

93°C,  20% 

RH 

X 

0.0105 

♦0.0551t  -1 .35  x  10'3  t2 

0.996 

0.0190 

93°C,  45% 

RH 

X 

0.0228 

+0.056U  -1.29  x  10'3  t2 

0.995 

0.0228 

93°C,  60% 

RH 

X 

0.0194 

+0.072U  -1.91  x  10'3  t2 

0.997 

0.0184 

93°C,  80% 

RH 

X 

0.0172 

+0.111t  -4.38  x  10*3  t2 

0.996 

0.0252 
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APPENDIX  H. 


I 


Bivariate  Equations  for  Dark  Fading 


Constant  Value 


AT  •  f  (RH,  time) 


68°C 


5.55  x  10‘3  +6.88  x  10*3t  -2.05  x  10‘4  RH 
-1.14  x  10‘V  ♦2. 11  x  10*6  RH2  *2.19  t  RH 


0.972 


77°C 


0.0634  +0.01 06 1  -2.91  x  10‘3  RH 

-8.30  x  10*V  ♦2. 73  x  10*5  RH2  *1.74  x  10*4  t  RH  0.978 


85°C 


-  0.0930  +0.0265t  -4.61  x  10"3  RH 
-6.19  x  10-V  ♦4. 73  x  10"5  RH2  +1.75  x  10'4  t  RH  0.990 


93°C 


•  0.0438  +0.05831  -3.37  x  10~3  RH 


-1.71  x  10*V  +4.44  x  10°  RH'  +1.88  x  10'*  t  RH  0.983 


AT  «  f  (temp.  Time) 


201  RH 


0.785  -0.226T  -0.0402t  +1.58  x  10‘4  T2 
-5.19  x  10*V  +8.34  x  10*4  T  t 


0.976 


451  RH  •  1.17  -0.0319T  -0.0475t  +2.13  x  10*4  T2 

-6.16  x  10’V  +9.59  x  10*4  T  t 


0.984 


6  Of  RH 


0.909  -0.0261T  -0.0519t  +1.81  x  10‘4  T2 
-6.50  x  10'4t2  +1.06  x  10’3  T  t 


0.958 


8 Of  RH 


1.24  -0.0353T  -0.0790t  +2.44  x  10’4  T2 
-5.24  x  10'4t2  +1.44  x  10‘3  T  t 


0.953 


S.E . 


0.0096 


0.0278 


0.0234 


0.0438 


0.0359 


0.0307 


0.0587 


0.0689 
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APPENDIX  H.  (continued) 


Constant  Value 


AT  ■  f  (Temp,  RH) 


Day  7  •  2.57  -0.0682T  -0.0116  RH  +4.72  x  10‘*  r 

+2.64  x  10*5  RH2  +1.30  x  10‘4  T  RH 


0.0974  0.0299 


Day  14  ■  0.972  -0.0301T  -0.0129  RH  +2.64  x  10'4  T2 

+3.49  x  10*5  RH2  +1.44  x  10'4  T  RH 


0.983  0.0324 


Day  21  ■  1.34  +0.0280T  -0.0143  RH  -8.24  x  10"5  T2 

+6.20  x  IQ*5  RH2  +1.38  x  10*4  T  RH 


0.969  0.0448 
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